We investigate the feasibility of a systematic expansion scheme for the study of nuclear structure.
I. INTRODUCTION
One of the recent hot issues in the research of nuclear structure is to make an essential improvement in the theory for finite nuclei and infinite nuclear matter. There are many requirements to overcome the limit, ambiguity and shortcomings of the conventional models and traditional approaches. Two important subjects among them may be to establish rules to: i) estimate the uncertainty of calculation, and ii) identify the range of density and asymmetry where extrapolation is reliable. Advent of the issues is closely related to the construction of rare isotope accelerators [1] and launch of projects for accurate observation of neutron stars in space [2] . The two issues can be cast into one category of a problem: Can we have a perturbation theory for the nuclear structure? * E-mail: hch@daegu.ac.kr Based on several observations in literature and arguments, we realized that k F /m ρ could be an expansion parameter of the nuclear energy density functional (EDF) [3] , where k F and m ρ denote Fermi momentum and rhomeson mass, respectively. EDF thus constructed shows good hierarchical behavior in the result of fitting to homogeneous nuclear matter. A due subsequent question may be whether similar result would be expected when the model is applied to the structure of nuclei. In this work, we will find answer, or hints for answer to the question by calculating properties of several magic nuclei with two-, three-and four-term EDFs and analyzing convergence behavior of the result.
In Sec. II, we illustrate the basic formulae of the model and fitting strategy. In Sec. III, we present the results and discuss the implication of them. We summarize the paper in Sec. IV. Table 1 . Parameters for SNM at each order and for PNM with four interaction terms. For N = 1, k value has the dimension equal to that of c 2 , but it is dimensionless for N = 2, 3. 
where the total nuclear density ρ is the sum of neutron and proton density ρ n + ρ p , and δ denotes asymmetry
T (ρ, δ) is the free kinetic energy per particle in homogeneous nuclear matter given by the usual expression
Summation term represents the interaction energy per particle expanded in powers of ρ 1/3 . c i (0) can be determined from the properties of symmetric nuclear matter (SNM; δ = 0), and c i (1) from the data of asymmetric nuclear matter. It has been shown in Ref. [3] Saturating behavior of fitting for PNM should be investigated furthermore, but up to ρ 2 order, we could check that the 11 properties of nuclear matter at various densities and asymmetries [5] are satisfied well within the experimental errors.
In the first step for the application of expansion method to the structure of nuclei, we begin with the order N = 1 (two terms ρ and ρ 4/3 ) for the SNM part of interaction, and increase the order by one up to N = 3
(terms to ρ 2 ). On the other hand, in order to remove the ambiguity from the PNM part, we always keep the four terms (from ρ to ρ 2 ) in the interaction for PNM. In Refs. [6, 7] we obtained one-to-one mappings from our EDF to Skyrme-type EDF. In order to describe nuclei, derivative and spin-orbit coupling terms should be added to the EDF for homogeneous matter, which introduces two additional parameters k and W 0 . Explicit forms of the EDF for nuclei can be found in Ref. [7] .
These two new parameters are determined to reproduce the empirical data of the binding energy per nucleon (E 0 ) and charge radius (R c ) of spherical magic nuclei 40 Ca, 48 Ca and 208 Pb. Parameters at each order are summarized in Table 1 . We note that the dimension of k is Table 2 .
First it should be noted that the difference from experiment is greatly reduced if we include ρ 5/3 (N = 2) term. On the other hand, change or improvement is very small when ρ 2 term is added. A similar behavior of saturation of precision has already been observed in the fitting of nuclear matter [3] . This result suggests that three may be the minimal number of terms for a precise description of nuclear properties.
Looking at the results of input nuclei 40 Ca, 48 Ca and 208 Pb, lead shows the largest deviation from experiment, 0.16% and 0.25% for E 0 and R c , respectively. This magnitude is similar to or about 0.1% larger than the those in the GSk model [8] . However our model shows better agreement to data for 40 Ca than the GSk model. Since the difference between our model and the GSk model is at the order of 0.1% or less, the two models reproduce the input data fairly precisely. We should stress, however, that the basic assumption of two models is different by principle in the following respects.
Our model assumes a rule to construct an EDF
systematically, while the conventional models start with a specific form of Skyrme force.
2. There is no rule to determine the parameters in the conventional model, so some parameters assume arbitrary numbers. In addition, there are numerous ways to select input data and fitting method, which has eventually produced hundreds of Skyrme force models. On the other hand we assume to determine the starting EDF only from the properties of homogenous nuclear matter, and introduce minimal numbers of additional parameters when nuclei are considered. Now let us compare the prediction to experiment. 16 O exhibits difference from experiment at the level of 1%. This result is much larger than the GSk model in which E 0 differs from experiment less than 0.2%. In the GSk model, experimental data of 16 O is included in the fitting data set, so small difference is an expected result. In our calculation results of 16 O are pure predictions. Nevertheless one can see that the difference from experiment for other nuclei are one or two orders of magnitude smaller than 16 O. This constrasting behavior of oxygen may be attributed to the limitation of mean-field approximation in the density functional theory. Microscopic method may be more favorable to the description of light or semi-light nuclei. This could serve as a warning that the use of data on light nuclei might introduce unwanted bias in the fits of phenomenological EDFs. Last three columns in Table 2 
We obtain J and L in MeV as (96.6, 368. The correlation between ∆r np and L has been studied extensively, and it is shown that ∆r np can be approximated linear to L for 68 Ni, 132 Sn and 208 Pb [9] . Plugging our prediction ∆r np ≃ 0.19 fm for Pb into a linear fitting relation in Ref. [10] ,
we obtain L ≃ 55 MeV, which is slightly larger than our result L = 49.1 MeV.
IV. SUMMARY AND OUTLOOK
In search for an organized framework which allows for systematic extension of energy density functional model of nuclear structure, we propose an ansatz by assuming expansion of nuclear EDF in powers of Fermi momentum.
The EDF is fitted to well-known properties of nuclear matter at first. We observe that model prediction improves significantly when three interaction terms are accounted in the EDF, and fourth term gives tiny corrections. This result could be a signal for a model of nuclear structure in which estimation of uncertainty could be under control.
On the other hand, it has been shown that ρ 1/3 expansion in the PNM is much more non-trivial than the SNM [3, 7] . Similar analysis with extended terms in PNM is in progress.
